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SIMULATION STUDY CIF A RIGH-PERFORMANCE AiRCRW 

DiCLUDIiqG THI3 ETFECT OFT PILOT CONTROL Ql? 

By C. H. Woodling, Jaiies B. Whitten,  Robert A. Chanpine, 
an-d Ro'Dert E. Andrews 

A discussion i s  given of e simulation  study or" a high-performance 
a i r c r d t  condueted on the h m  centrifuge at the  U. S. Neval A i r  
Developnent Center,  Johnsvilie, Pa. The centrifuge, i n  combination  with 
an enalog computer, provided a pilot-controlled  simulator which subjected 
t h e   p i l o t   t o  licear zccelerztions similer t o  those he would encounter in 
e x i t  and reent ry   f l igh t .  

Results of th i s   s tudy  iEdiceted ta t  acceler&tions of the mEgnitude 
considered i n  this grogran did Eot sigaifican-tly affect the   p i lo t  ' s abil- 
i t y  to carry out his f l i g h t  task when "flying" the zirgl.e.ne with  auxiliary 
dangers  operating. Eowever, l age   osc i l la t ing   acce le ra t ion   pa t te rns   dur ing  
reent ry   f l igh t ,  such as might be encountered  with  certain damper f a i lu re s ,  
were found to make soze reent r ies   zarg ina l  a?d sme impossible because 
of the   effect  on t h e   p i l o t ' s   a b i l i t y  t o  see and read instruments and 
sat isfector i ly   control   the   a i rplane.  

It is believed thzt the  centrifuge  simulator i s  E s i g n i f i c m t  advance 
over s t a t i c  or "fixed-base"  stmulators  for  evaluztion of p i l o t   r e s t r a i n t ,  
controls,   instrment  display,  and pilo-i and airplene  response. 

IPERODUCTION 

In  the  past,  simulakron  studies of p l lo t   con t ro l   capdd l i t i e s ,  
including an amlog-conpter  representation of the motion of the  zir- 
p l m e ,   k v e  been found t o  be valuable in   the   inves t igz t ion  of d i f f i c u l t  

i l o t i n  roblems. For ex& l e  s imulat ion  s tu   ies  have been  nade of 
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r o l l  coupli?a,  pitch up, and p i l o t .   c o n t r o l  duying landing. I n  such 
studies, however, the   p i lo t s  were not  subjected t o   t h e  sonetimes violent 
motions tha t  the  airplane would encounter. A t  present,  studies me being I 

ccnaucted of -ne& ve'nicles which w i l l  be required t o  e x i t  from and 
reenter   the   ear th ' s  etmosphere and i n  which the   p i lo t  w i l l  be  subjected 
t o   l u g e  accelerakions  during  the  exit and reentry  phases. Due t o  the 
lack  cf  actual  flight  experience  unaer such conditions, it is desirable 
that the  vehicle and i ts  f l i g h t  environment be simulated as closely as 
possible i f  the   p i lo t  and ai-rplme  responses me t o  be predicted wi th  a 
certain  degree of confidence. The ssbject of t h i s  paper i s  a discussion 
of a s imlat ion  s tudy of a high-performance a i r c ra f t  conducted on the 
kumn ceztrifuge at the U. S. Ifaval A i r  Development Center,  Johnsville, 
Pa. I n  t h i s  study  the  pilot  was subjected to   the   lmge   l inear   acce le ra-  
t ions  th&t he would encounter i n   f l i g h t .  This study w a s  conducted as 
a jo in t   e f fo r t  between NACA and IUDC and t h i s  opportunity i s  taken t o  
acknovledge the excellent  cooperation of the NADC personnel and pazticu- 
larly Dr. Carl C l a r k  of the  Aviation Medical Acceleration  Laboratory for 
his e f fo r t s  and supervision which contributed  largely  to  the  success of 
this progrm. 

. -  .. 

SM.IB0LS 

L 

h a l t i tude ,  f t  

M M&ch number 

=X longitudinal  acceleration, g units 

=Z r-ormal acceleration, g units 

DZSCRIPTION OF SIE-TOR SETUP 

A portion of a trajectory,   tyyical  of that planned for   the  Xorth 
American X-15 research  airplane, was considered in   th i s   inves t iga t ion  and 
is  shown i n   f i gu re  1. I n   t h i s  figure, a l t i t ude  h, Mach nmker M, longi- 
tusinal  acceleration ax, and normal acceleration az are plotted  ageinst  
time which i s  given i n  seconds. This par t  of the  trajectory starts a t  
48 secogds p r i o r   t o  engine  burnout a t  an a l t i t ude  of 60,000 fee t ,  a Mach 
number of 2, on a zero lift or zero  angle-of  -attack  flight  path, and at 
a clirrib angle of 45'. Dming the powered phase of the  exi t ,  the thrus t  
acceleration  increases from 2g t o  about 4g. Wnile under th is   acce le ra t ion  
and in  the  presence of out-of -trim moments il? pi tch  end yaw due t o  m i s -  
alinement of the thrmt, the p i l o t ' s  task i s  t o  f l y  w i t h  the wings l eve l  

" 
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ai zero  mgle of a t tack and s idesl ip .  A t  b-cnout  the  acceleraiiox 
rapidly  epproaches  zero end disturbances ere encountered due t o   t h e  
sudaen termination of the  misdinenent mcments. A s  the  airplene  reaches 
the  higher  altitudes,  aercdynmic  controi  becones  less  effective anrld 
reaction  control i s  used t o  keep the  airplane et the  proper  at t i tude.  
11 t he   p i lo t  i s  a b l e   t o  SerSorm 41Fs task properly  during  exit, the air- 
plane w i l l  l eve l  out at zbout 250,000 f e e t .  For   reentry,   the   pi lot   pul ls  
uy t o  a prescribed angle of attack &t about 200,000 feet,   holds this 
angle of &.%tack un t i l   t he  r?orm&l acceleration  builds ~p t o  about 58 
beceuse of the  increasing  dynmic  pressure, and then  decreases  the -le 
of attack  in  order t o  retain  nearly  constant  acceleration  unti l   the rate 
of descent Epproaches zero. The mgle  of a t tack  i s  then  further  reduced 
until l e v e l   f l i g h t  at lg i s  obtaiEed. 

--I 

The main objectives of the  centrifuge program were t o  answer the 
I"ollowiw  questions: 

Can the  centrifuge under closed-loop  cozkrol  provide a useful 
dp-smic  simulation of a high-perfomance  aircraft under large 
accelerations? 

k h a t  m e  the  eTfects on t h e   p i l o t ' s  abil i ty to   con t ro l   t he  dynamic 
simul&,or  when  he i s  subjected t o  longitudinal  accelerations of the  order 
of kg during  exit  and  nom-al  acce1ers;tions of tce order of 5g during 
reentry? 

Wbt i s  the   e f fec t  of VEZFOUS angles  of  attack and associated  accel- 
erat ions on the pilot's a b i l i t y  t o  f ly   the   reeEt ry?  

How we l l   cm  the   p i lo t  perform his   task  during  reentry when sub- 
jected t o  laxge and rapidly  oscil latir?g  acceleration  patterns,  such as 
might be encowatered w + t h  cer ta in  damper failures? 

"he h u m  centrifuge I s  loczted ai; the  Aviation Medical Acceleration 
Laborztory st NADC. A photogrzph of th i s   cen t r i fuge  i s  presented  fn 
figure 2. The centrifuge  consists of aa enclosed  gondola mornted i n  a 
two-gimbal system on the end of a 50-foot ro ta t ing  m. The gimbd sys- 
tem consists of an outer  gimbal which ro t a t e s  about a horizontal axis 
perpendicular to   the   cen t r i fuge  erm md an ipner gixbal which ro t a t e s  
about an a i s  i n  the p l m e  of the cruter ginbal and perpendiculm  to  the 
a i s  of .the  outer gimbal. The to t a l   acce l e ra t ion  of the  centrifuge gon- 
dole when the  asm i s  s e t  ir- motion i s  comprised of a radial cmponent 
proportional t o  t he   squae  of the angula velocity of the m, a tangen- 
tial coqonent  proportional t o  the e-n-guhr acceleration of the  m, and 
the   ver t ical   accelerat ion of g r w i t y .  The control led  ghbals   a l low 
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posfzioning of tne centrif-Age  gondola with  respect  to  these  accelerations 
so tha t   t3e   @lot  i s  subjected  to  l inesr  accelerations similer t o  those 
ke  would experience ia  f l i g h t .  It should  be  noted that,   since  the cen- " 

t r i fuge has only  tbzee  degrees of freedom as compared with  the  six of 
t i e   a i rp lzne ,  ti"e accurate   shulat ion cf the  l inea-  accelerations must 
be doze et tke expezlse  of angular  motions which are   not   l ike   those  eqe-  
r ienced  in  EXI airplane. Xowever, it w a s  follr"d tha t  mker   the  large 
l inear  sccelerakions tha t  were u t i l i zed  is this study,  the  pilots were 
not  significantLy  dieorierted  or  distracted by these wrong angulez  motions 
cr accelerations. The design  capabilities of this  centrifuge are a m a x i -  
m m  radial acceierstion of  bog with a m a x F m n ~  ra3e of 1Og per second. A 
T-ore detailed  discussion of the  centrifuge  ogeration and capebi l i t ies  
i s  given  in  references 1 and 2. 

Figure 3 shows a di&grm of the  closed-loop  simulator that was used 
ir- t h i s  program. The simulator  included s,n analog computer, a coordinate 
ccnverter, and the   cen t r i fwe   i n  which the  subject   p i lot  was placed. The 
closed-loop  control w a s  accomplished by feeding  the  three  l inear  acceler-  
a t ions of the  pi lc t ,   as   detemined by the  analog corrrputer from the equa- 
t i c n s  of motions of the  a i rplane,   to  e. coordinate  converter. Here the 
accelerations were converted to  ceztrifuge  comands i n  the form of gimbal 
ax l e s  and m anwlar velocity a-d acceler&tion. The centrifuge  then 
mbjected the pi lot   to   the  three  desired  accelerat ions as indicated by 
the w d o g   c q u t e r .  While mder  these  accelerations,   the  pilot  observed 
the instrument  panel, on which were dis2layed  necessesy  quantities from 
the  snalog computer,  and applied  st ick ar,d rudder  deflections which were 
fed  back as input   s ignals   to   the analog computer. Thus, the  loop w a s  
coqleted,   s ince the pi lot ' s   inputs   actual ly   control led  the motion of the 
centrifuge. The two main pzsts ,   that  Fs, the  analog computer ar-d the 
centrifuge were located a t  a d i s t a c e  of approximkely 3,500 feet apart  
and were t ied together  operationally by telephone  lines. 

The analog  setup  inchded e. six-degree-of-freedom  representation of 
tbe  eirplzne motions,  control  equations  (includLng  auxiltary damper terms 
ar,d pi lot   Inputs) ,  and computation of the dynamic pressure as a function 
of altLtude a d  velocity. Tne aerodynamic character is t ics  were simuleted 
a6 e function of both Mach nuxber  and angle of attack. 

A si"mla+,ed cockpit was mounted in   the  cectr i fuge gondola and 
included e. right-hsnd  console  stick,  rudder  pedals, a l e f t - h a d   b a l l i s t i c  
or  reaction  coctrol  stick, and, for  cmparative  purposesy E? stendazd  cen- 
te r   cont rc l   s t ick .  An instrument  dtspley  penel, which is  shown i n  fig- 
me 4, w a s  provided fo r   t he   p i lo t .  T k  primary  ir-struments  used i n   t h i s  
program included  an a t t i t cde   ba l l   i nd ica t ing   ro l l  and pitch  angles, and 
indicatars  presenting  angle of sidesliF,  angle of attack, normal accel- 
e ra t ion ,   iner t ia l  altLtLde, i ne r t i a l   ve loc i ty ,   i r ?e r t id  rate of c l h b ,  
r o l l   r a t e ,  and heading.  Posctioned below the  panel were damper-malfunction 
ind ica tor   l igh ts  and assoc5ated  switches. 

__I 



The p i lo t  was secured i n   t h e  gor-dole by ELII integrated  harness 
arrangs?ent. For head r e s t r a in t   t he  scbject s helmet was fastened  inside 
a bucket-type h e a k a s t  by E. steel   cable  which w a s  attached t o  the  heh-et  
end fixed t o  the back of the  headrest. 

The remaining par t  of this   saper   discusses  some of the more nerti- 
neni, findings of t h i s  study.  Included in   t hese   r e su l t s  &re some of the 
p i l o t s '  cmments and their   evaluztion of the ciynamic simulator. A 
motioll-picture ?ih supplement has Seen  prepared and is  available on 
loan. A request  card form and a Oescristion of the  f i l m  w i l l  be found 
ar. the back of this paser, on t5e  sage  im-ediately  preceding  the 
ebstract  and index  page. 

A typ ica l  run on the  centrifuge w a s  started by rnmually bringing 
t h e  centrifuge uy to   t he   i n i t i a l   cond i t ion  of 2g thrust   acceleration. 
From t h i s   i n i t i a l  condition,  the  pilot   Todd  actually start h i s   f l i g h t  
and ass~;ne control by turning o ~ l  the engir-e switch on the  instrunent 
panel. This switch  started t h e  integrators  or  t h e   a a l o g .  The angular 
velocity of the centr+-e would tben  increase, an-d the   p i lo t  was sub- 
j ec t ed   t o  the increasing  t-must  acceieretion. N i n g   t h i s  period 03 
prolollged acceleration,  the  pilots  experienced a dr&ir-age of the sinus 
end a Teeling 03 Tuilness ir_ the   throst  which resul ted  in   f reguent  
coughing.  Brezthing  clwing t h i s  ti.?.ne w a s  d i f f icu l t ,   usua l ly   rap id  and 
shd1G-x. kt bmnoct,  osciil&,ions started because of the  sudden  removal 
of t h e  thrust   misalixment;   these  oscil lations  could  be stopped by the 
use of aerodynernic c m t r o l  i f  the  pi lot   reacted promptly. If the   p i lo t  
reected slovly, the  osci l la t ions  pers is ted  to   higher   a l t i tudes and the 
m e  of reaction  control w a s  found necessary. A t  burr?out,  the  centrifuge, 
unable t o  s ixulate  less than lg, would cone t o  rest. T'ne p i l o t  would 
then f l y  the Og portio" of the  t ra jectory (about 2 minutes  duration) 
s ia t ical iy   (with  the  centr i fuge s;t r e s t )  &t l g .  A s  the  airplane  reeo- 
xered the atmosphere, the  centrifuge would again  rotehe ir- response t o  
the  buildcg of normEtl accelerrt ion.  m e  reentry  required  rapid  scannirz 
of a re la t ive ly   l a rge  r-uxzber of instrunents  azd a high degree of concen- 
t r a t ion .  T5e high rate of scanning  found  necessary i n  th i s   s tudy   ind i -  
cated that the  relocation and possibly combining of certain  instruments 
fo r  a more neerly opcinm d l s p h y  should be considered. With a l l  dampers 
operating, three reentry  coa6itions were considered. T'iese were an_ angle 
of at tack of 15O w i t h  En accelerEtion of 5g until recovery, 20° with 4.5g, 
and 25O with kg. Li t t le   d i f fe rence  w e s  notea in   these  reentry  condi t ions 
except thzt the 2 3 O  case  required  slightly more control  then  the 200 or 
15O reentr ies .  The difzerenze between 4g a d  5g nomtal acceleration had 
no noticeable  effect  on the pilot's a b i l i t y  t o  reenter.  Only moderate 
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"greyo-t" wcs experienced  during the reentries.   Safety  stops were 
incl.;ded i n  the simulator which wodld automticel ly   termimte the run 
if  the cornlanded acceleration exceeded 8g; however, the  subjects   rarely 
received an acceleration  over 6g. 

It is  of interest  to  note  here,  before  Biscussing sone of the damper 
fzilu2-e resu l t s ,  a few coxments czncerning  the comparison of the  center 
control  st ick w i t h  the right-:?md  stick. The majority of t he   f l i gh t s  
were mace wi th  the  right-hand  stick. Hcwever, for the few f l ights   with 
the  center  st ick,  tl?e p i l a t s  fe l t  tha t  it was a good controller at low 
accelerrt lons.  Above about 2g, however, two hmds were used and the  
center  contrrcl  stick wes considerzbly more d i f f i c x l t   t o  use than the 
right-hazd  stick  because of the  acceleration  effects on the hand and 
&T gositions.  

An inpcrtant p a t  of the  investigetion was t o  determine the   ab i l i t y  
cf the   gi lot  -Lo control  the  airplane  during  reentry under cer ta in  damper 
failures. Figme 5 shows the   e f fec t  on reeatry of or?e of the  dmper 

. f a i b z e   c o d i t i o n s  Fnvestigated. Shown are   the  la ter&  accelerat ions 
dming a 25O angle-of-attack reent-ry ( s ta r t ing  190 seconds a f te r   the  
beginning of t h e  f l i g h t )  for the  case of' a l l  dmpers  operating m d  the 
case of a pw-dszqer faFlure. It should be aenkioned that i n  the pres- 
ent  investige,tlon the  dm;er system consisted of dampers abcut a l l  tbrree 
axes and, in  addition, a crossfeed of yav r a t e   t o   t h e  roll control sur- 
fece. Ir, t3e  reen%ry shoTc* ir- f 5 W e  5 ,  the  crossfeed and yew danger 
were both  not  operatir_g. T h i s  candition would correspond t o  a failure 
of the  gzw-rete  sensing gyro. With all denzers  ogerating, the S i lo t  was 
able t o  xzhtain  pract ical ly   zero  la teral   accelerat ion  during  reentry.  
Xmcver, with tl;e d%zper f a i lx re  a m a x i m m  la teral   ecceler&tion of about 
+-2g was encountered. Even tk..o-&~ the g i lo t  was Kble t o   f l y   t h e   a i r p l a n e  
t o  recovery "mder t h i s  fa i lure ,  he eqer ienced some di f f icu l ty   in   read ing  
the Fnstrwents during t h e  motion and cmsidered  the  systex  used f o r  body 
and. Gead restraint  necessery  in  avoiding loss of orientation end minimlzing 
dis t ract ims  f rox  being 2ostled about. 

Another ty?e of d.mFer fa i l -=e  that  was simulated i s  shown i n  f ig -  
u r e  6 .  ~ h m x  i n  this f igure is the norm& acceleration  during  reentry 
wit!: LC dmFers o p r a t i r g  and wi th  the  pi tch dazxger fa i led.  A t  about 
225 seconds, the  Gilot wzs xr-able t o  cope wi th  the  high  oscil lating 
a?celeretions, and tke run w a s  mtoniatLcally  tern-inzted when the  safety 
st02 vzs reached a t  8g. It is  of in te res t   to   no te  the change i n  fre- 
a_Lency of the osc i l la t ion  as the airplene  reenters  the atmosphere. It 
shc-did be  msntiozed tha t   i n  tl?e s t a t i c  or "fixed-bese"  simulatioc  tests, 
w k r e  the   p i i c t  w e s  not  subJected t o  no rm1  accelerations, he was able 
t o  reenter znder t h i s  condition cf pitch-damper f a i lu re  Ebout 60 percent 
of tke ti=?. However, the p i lo t s  never did reenter  successfully  in the 
dynayic t e s t s  on the ce2triI"uge. The pi lots   bel ieved that   the  osc i l -  
lat ing  zccelgration was smh tha t  it did not  permit them to   con t ro l  as 
precisely as reqslred. 

F 
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Although no specir'ic results w i l l  be discussed for reentr tes   with 
roll-ci&qcx fa i lure ,   reen t r ies  with t h i s  fzilure were f o m d   t o  be 
extremely d r f f i cu l t .  For a m.sll percentage of the cases, recoveries 
were mde wi th  very  precise  control of a low-angle-of-attack  reentry. 

The centrilfuge  simulztor w a s  found t o  be a useful dynamic simulation 
of a high-perfomlance a i r c ra f t  under large  acceleratiohs. It i s  believed 
that t h i s  si_rulator is a signif icant  advance  over fixed-base simula- 
tors for evaluation of pilot   restraint ,   controls,   instruxent  display,  
and pilot, and airplme respo-n-se. 

For the  trajecto-ry  considered i n  this study, m d  with e l l  the  daxpers 
operatillg,  the  pilots were generd ly   ab le  t o  carry  out  successfully  their  
f l i g h t  task while under longitudinal  acceleration  of the order of 4g and 
noma1 acceler&tion of the  order or" 5g, even  though sane physiological 
e f fec ts  were noted. However, lerge  oscil lating  accelerekion  patterns,  
such as night be encouctered in   the  case of ce r t s in  damper f a i l c r e s ,  
were found t o  r - e  some reelltries  marginal and saye impossible  because 
of the  eTfect on t h e   p i l o t ' s   a b i l i t y   t o   s e e  aad read instruments md 
sat isfactor i ly   control   the   a i rplane.  

Langley Aeroneuticzl  Laboratory, 
N2tio-n-al Advisory Corrrmittee fo r  Aeronautics, 

Lzngley Field,  Va., Mwch 1-8, 1958. 
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EFFECT  OF YAW-DAMPEii FAILURE 

ALL DAMPERS  OPERATING 
” YAW - DAMPER FAILURE 

t, SEC 

F i v e  5 

EFFECT  OF PITCH-DAMPER FAILURE 

- ALL DAMPERS OPERATING 
” PITCH-DAMPER FAILURE 

ar 
RUN  AUTOMATICALLY 7 TERMINATED 

. I  “ I  

190 210 

I 

NORMAL 
ACCELERATION, 

g UNITS 4 

190 210 230 250 230 250 




